189 samples from 3 different U.S. sample groups Caucasian (74), African American (71) and Hispanic (44) were typed for 70 autosomal genetic markers. These 70 markers are bi-allelic (C/T) short nucleotide polymorphisms (SNPs). For each sample, the 70 SNP markers were typed in 11 unique 6-plexes and a single 4-plex PCR. A total of 10 of the 210 tests (70 loci Â 3 populations) for Hardy-Weinberg equilibrium indicated a statistically significant result. In order to evaluate the minimum number of SNP loci needed to distinguish all 189 samples from one another, we ranked the loci according to their levels of observed heterozygosity and p-values obtained upon testing for Hardy-Weinberg equilibrium. The top 12 loci according to these ranking criteria were tabulated along with the number of unique genotypes observed when combining subsequent SNP markers. The 12 selected SNPs possessed an observed heterozygosity of >0.45 in all three populations examined and thus would be expected to exhibit more differences between samples. All of the 189 samples in this study were individualized with a subset of 12 SNP loci. However, it is likely that the addition of more than 12 SNP loci will be required to resolve larger sets of unrelated individuals from one another. By way of comparison, in these same 189 individuals all but one pair is resolved from one another with three of the traditional short tandem repeat (STR) loci possessing the highest heterozygosity values (D2S1338, D18S51, and FGA) run with the Identifiler kit. The final pair of unrelated samples could be resolved with the combination of 4 STR loci: D2S1338, D18S51, FGA, and VWA. Published by Elsevier Ireland Ltd.
Quantification
Extracted DNA was quantified using UV spectrophotometry followed by a PicoGreen assay [3] to adjust concentrations to approximately 1 ng/ml.
SNP markers
The 70 autosomal SNP markers are listed in Table 1 (see also http://www.cstl.nist.gov/biotech/strbase/SNP.htm). The PCR primer sequences were obtained from Orchid Cellmark (personal communication, Jeanine Baisch, Orchid Cellmark Dallas). The exact chromosomal locations were ascertained using BLAT (http://genome.ucsc.edu/cgi-bin/hgBlat) and dbSNP (http://www.ncbi.nlm.nih.gov/SNP/) and are based on the July 2003 assembly of the human genome. All of the SNPs are C/T transitions.
PCR amplification
For each sample, the 70 SNP markers were typed in 11 unique 6-plexes and a single 4-plex PCR. The final concentrations of the six (or 4) PCR primer pairs were present at 0.5 mM for all multiplex PCRs. Amplifications were performed in reaction volumes of 10 ml using a master mix containing 1X GeneAmp 1 PCR Gold buffer (Applied Biosystems, Foster City, CA), 4.5 mmol/l MgCl 2 , 250 mmol/l deoxynucleotide triphosphates (dNTPs; Promega Corporation, Madison, WI), 0.16 mg/ml bovine serum albumin (BSA) fraction V (Sigma, St. Louis, MO), and 0.5 unit of AmpliTaq Gold 1 DNA polymerase (Applied Biosystems). The thermal cycling program was carried out on a GeneAmp 9700 (Applied Biosystems) using the following conditions in 9600-emulation mode (i.e., ramp speeds of 1 8C/s) [ Following PCR amplification, unincorporated primers and dNTPs were removed by adding 4 ml of a Exo-SAP enzyme cocktail consisting of 1.4 ml Exonuclease I (10 U/ml) and 2.6 ml (1 U/ml) of shrimp alkaline phosphatase (SAP; USB Corp., Cleveland, OH) to each 10 ml PCR reaction. Reactions were mixed briefly and incubated at 37 8C for 90 min and then 80 8C for 20 min to inactivate the enzymes.
Alelle specific primer extension (ASPE)
ASPE reactions were also carried out in eleven 6-plexes and a single 4-plex. Multiplex primer extension reactions were conducted in a total volume of 10 ml using 2.5 ml of ABI Prism 1 SNaPshot TM multiplex kit mix (Applied Biosystems), 0.5 ml of 10X AmpliTaq Gold 1 PCR buffer, 3 ml of PCR template, 3 ml of water, and 1 ml of a stock solution of extension primers, which contained empirically balanced primers (approximately 1 mM each). Extension reactions were incubated as follows: 25 cycles of 96 8C for 10 s, 50 8C for 5 s, and 60 8C for 30 s. Excess fluorescentlylabeled ddNTPs were inactivated by addition of 1 ml of SAP (1 U/ml). Reactions were mixed briefly and incubated at 37 8C for 40 min then 90 8C for 5 min.
Electrophoresis and typing
A 1.0 ml aliquot of each SAP-treated primer extension product was diluted in 14 ml Hi-Di TM formamide and 0.4 ml GS120-LIZ internal size standard (Applied Biosystems) and analyzed on the 16-capillary ABI Prism 1 3100 Genetic Analyzer (Applied Biosystems) using filter set E5 without prior denaturation of samples. Samples were injected electrokinetically for 13 s at 1 kV. Separations were performed in approximately 30 min on a 36 cm array using POP TM -6 (Applied Biosystems). Automated allele calls were made in Genotyper 1 3.7 using an in-house macro based on fragment size and dye color.
Analysis of data
The data were analyzed with PowerMarker v3.07 [5] . Allele frequencies, expected heterozygosity values and pvalues (based on an exact test with 1000 reshufflings) for each marker are provided in Tables 2-4 for the three U.S. sample groups.
9. Access to the data SNP marker information is available on the forensic SNP site: http://www.cstl.nist.gov/biotech/strbase/SNP.htm and genotyping results are posted at http://www.cstl.nist.gov/ biotech/strbase/NISTpop.htm.
Results and discussion
Tables 2-4 contain the observed allele frequencies for U.S. Caucasian, African-American, and Hispanic samples, respectively. The C and T allele frequencies were used to calculate the expected heterozygosities that were then compared to the observed frequencies of heterozygotes. A total of 10 of the 210 tests (70 loci Â 3 populations) for Hardy-Weinberg equilibrium indicated a deviation from the expected result. As has been noted before, it is reasonable to expect approximately 5%, or 10 to 11 out of 210, of the comparisons to deviate from Hardy-Weinberg equilibrium (see [6, 7] ). Those P-values significant at the 95% confidence level are those less than 0.05 and bolded in Tables 2-4 . Six were observed in Caucasian samples and two in both the African-American and Hispanic data sets.
Typically the minimum number of samples needed to provide a robust estimate for allele frequencies with loci containing 5-15 alleles is 100-150 samples for each population [8] . Since we are measuring bi-allelic markers in this study that only have three possible genotypes (CC, TT or CT), a smaller number of samples should be sufficient [8] provided that we utilize a minimum allele frequency, such as 5/2 N [9] . An examination of the data in Tables 2-4 finds a total of 10 allele frequency measurements (out of 630 total) below the 5/2 N threshold across the three populations. Thus, to be conservative a minimum allele frequency of 0.034, 0.035, and 0.057 should be used with those infrequently observed alleles in our Caucasian (Table 2) , AfricanAmerican (Table 3) , and Hispanic (Table 4 ) population data sets, respectively.
In order to evaluate the minimum number of SNP loci needed to distinguish all 189 samples from one another, we ranked the loci according to their levels of observed heterozygosity and P-values obtained upon testing for Hardy-Weinberg equilibrium. The top 12 loci according Table 4 Allele frequencies observed for 44 U.S. Hispanics listed by SNP locus number (see Table 1 to these ranking criteria are listed in Table 5 along with the number of unique genotypes observed when combining subsequent SNP markers. The 12 selected SNPs possessed an observed heterozygosity of >0.45 in all three populations examined and thus would be expected to exhibit more differences between samples. All of the 189 samples in this study were individualized with these 12 SNP loci (Table 5 ). However, it is likely that the addition of more than 12 SNP loci will be required to resolve larger sets of unrelated individuals from one another. By way of comparison, in these same 189 individuals all but one pair is resolved from one another with three of the STR loci possessing the highest heterozygosity values (D2S1338, D18S51, and FGA) run with the Identifiler kit. The final pair of unrelated samples could be resolved with the combination of 4 STR loci: D2S1338, D18S51, FGA, and VWA (data not shown).
While not as polymorphic as multiallelic STRs, it appears that biallelic SNPs are still able to separate unrelated and related individuals from one another with a reasonable number of loci. However, the construction of large robust multiplexes, such as demonstrated by Sanchez et al. [10] , with these and other SNPs will be necessary to enable routine recovery of genetic data from degraded and low copy number DNA present in forensic evidence [11] . The small PCR product sizes from these particular autosomal SNPs (see Table 1 ) have enabled recovery of information from severely degraded DNA samples and assisted in the identification of some of the World Trade Center victims with data generated by Orchid Cellmark (personal communication, Bob Shaler, Office of the Chief Medical Examiner, New York City). This paper follows the guidelines for publication of population data requested by the journal [12] .
